A strain of Escherichia coli carrying genes determining mercury resistance on a naturally occurring resistance transfer factor (RTF) Mercury-resistant strains have been found among both staphylococcal and enteric species occurring in hospital populations. The genes determining mercury resistance are not chromosomal, but exist on separate plasmids, or resistance transfer factors (RTF). These replicons also carry genes for resistance to antibiotics and in some cases to cobalt, nickel, cadmium, and arsenate; they can be transferred from cell to cell by conjugation or by transduction (9, 12, 14) .
A strain of Escherichia coli carrying genes determining mercury resistance on a naturally occurring resistance transfer factor (RTF) converts 95% of Mercury-resistant strains have been found among both staphylococcal and enteric species occurring in hospital populations. The genes determining mercury resistance are not chromosomal, but exist on separate plasmids, or resistance transfer factors (RTF). These replicons also carry genes for resistance to antibiotics and in some cases to cobalt, nickel, cadmium, and arsenate; they can be transferred from cell to cell by conjugation or by transduction (9, 12, 14) .
It was of interest to discover the mechanism of mercury resistance in the plasmid-bearing strains of Escherichia coli and Staphylococcus aureus, especially as it is known that soil and sludge bacteria can convert mercuric ion to methyl and dimethyl mercury (2, 19) , both of which are highly neurotoxic. The experiments in this paper show that the plasmid-bearing E. coli do not produce alkyl mercury compounds but rather reduce Hg2+ to Hg°.
MATERIALS AND METHODS Bacterial strains. Escherichia coli AB1932-1 (K-12, F-, thi-, lac-, gal-, arg-, met-, tsxr, alr), carrying the RTF JJ1 (strr, spcr, cmlr, sulr and mer') was a gift of David H. Smith who found the mercuryand antibiotic-resistant plasmid in a clinical isolate and transferred it to the standard K-12 strain, AB1932-1, for routine laboratory use (14) . The abbreviations for genetic markers are those of Taylor (15) . Antibiotic resistances include that to nalidixic acid (nal) which is a chromosomal marker and to streptomycin (str), spectinomycin (spc), chloramphenicol (cml) and sulfadiazine (sul) on the RTF which also carries the gene(s) for mercury resistance (mer). Resistance is indicated by superscript r.
The mercury-sensitive strain used in these experiments is a plasmid-negative segregant of AB1932-1 selected after treating the plasmid-positive strain with 100 gg of acridine orange per ml overnight at 37 C. (This procedure is referred to as "curing," and about 1% of the cells was cured.) The cured strain had lost all of the plasmid-associated resistance markers, but was otherwise isogenic for the known chromosomal markers of AB1932-1.
Culture conditions. All experiments were done with cells grown aerobically at 37 C in tryptone broth (8.0 g of Difco tryptone and 5.0 g of NaCl per liter). The mercury-volatilizing activity was induced by pregrowing resistant cells in tryptone broth containing 10-i M HgCl, ovemight, then into late log phase in 10-' M HgCl2, and then reinduced by adding 10-I M HgCl2 30 min before the beginning of the experiment.
Gas chromatography-mass spectroscopy. Chloroform or toluene extracts of cells which had been exposed to HgCl2 were examined by mass spectroscopy after the extracted components had been separated by gas chromatography. An LKB 9000A combination gas chromatograph-mass spectrometer (LKB Produkter AB, Stockholm, Sweden) was used with a 12 ft by 0.25 inch (ca. 3.7 m by 0.6 cm) glass column packed with 10% ethylene glycol'succinate on acid-washed Chromosorb W to which had been added a 5-inch "tail" (ca. 12.7 cm) of 1% SE-30 on acid-washed Chromosorb W to reduce the background from the polyester phase. The column, run at 70 to 75 C with a carrier gas (helium) flow rate of 30 ml/min gave the following retention times: metallic mercury, 2 min; dimethyl mercury, 3 min; and for the solvents, chloroform, 4.0 min and toluene, 4.5 min. All gas chromatography reagents were purchased from Applied Science Laboratory, State College, Pa. The data from the gas chromatograph-mass spectrometer were recorded and stored by a PDP-12 computer (Digital Equipment Corp., Maynard, Mass.) using a program developed at Washington University (1) and plotted with a Complot digital plotter (Houston Instruments, Division of Bausch and Lomb).
Assay for mercury-volatilizing activity. For routine assays 2.0 ml of growing cells, which had been washed and resuspended in fresh tryptone broth, were dispensed into standard "liquid scintillation vials" whose screw caps had been bored and fitted with oven injection ports (Packard Instrument Co. no. 5336730). These vials provided a closed system while allowing sampling of both the liquid and the vapor phase by syringe and needle. All assays were run at 37 C in a New Brunswick gyrotory water bath shaking at 300 rev/min. 203HgCl, was added, and 0.1-ml samples of the cell suspension were withdrawn at various times and added to 10 ml of toluene-Triton X-100 counting fluid (13) in a standard vial. Vapor samples were removed with 5-ml syringes and injected into rubber stopper-sealed 13-ml glass serum ampoules containing 10 ml of toluene-based scintillation fluid. Figure 2 shows the temperature dependence of (i) the induction of the system followed by mercury volatilization by uninduced resistant cells and (ii) the volatilization of mercury by induced cells. In these experiments, the 203Hg remaining in the liquid medium was counted, as this technique is more reproducible than counting the vapor phase 203Hg. Uninduced cells do not volatilize 203Hg at 2.5 C ( Fig. 2A) , and volatilization activity is found only after an "induction lag" of approximately 30 min at 15 C (data not shown) or 10 min at 26 C ( Fig. 2A) or 5 min at 37 C ( Fig. 2A) . The existence of a lag at 37 C with uninduced cells was reproducible in six independent experiments. The length of 10 pm HgCI2. Cells were diluted 100-fold into fresh broth at the beginning of the experiment. Turbidity was followed with the Klett colorimeter by using the side-arm flasks. After 3-hr growth at 37 C (i.e., in late exponential phase), 203HgC1, (10 Oi' tion is temperature dependent (Fig. 2 inset) . (Fig. 3B ). However, 14-min exposure system which volatilizes 203Hg and (B) the 203Hg-of the cells at 65 C results in a 75% loss of volatilizing system. The cells were exposed to 37, 45, volatilizing activity. The apparent retention of 55, or 65 C for varying lengths of time, and then 2-ml samples were removed and assayed at 37 C. The loss as much as 25% of the initial activity after from the medium of 16 of the 20 nmoles of 203HgC12 heating at 65 C for 14 min is due to the gradual added in 15 min was the highest activity observed (non-cell-dependent) loss of Hg2+ to the vessel (with induced cells) and was used as "100% activity" walls or from the system. The induction process for both cell cultures. is more heat sensitive than is the mercuryvolatilizing mechanism itself. There is no loss in the ability of the cells to become induced on exposure to 37 or 45 C, but at 55 or 65 C there is a rapid loss of the ability to subsequently volatilize 203Hg (Fig. 3A) .
Substrate dependence of 203HgCl2 volatilization. The rate of volatilization of mercuric chloride is not only temperature dependent but also varies as a function of substrate concentration (Fig. 4) . There is a maximum initial rate of mercury loss of 4 to 5 nmoles per min per 108 cells at 37 C and a substrate concentration at half-maximum rate of 10-5 to 2 x 10-5 M HgCl2 (Fig. 4) . At low mercuric chloride concentrations the rate of the reaction increases sigmoidally with increasing substrate. In Fig. 4 this is seen best with the upward curvature of the reciprocal coordinate graph at low substrate concentrations. The sigmoidal dependence of rate on substrate has been seen in other experiments and is reproducible on subsequent addition of low concentrations of mercuric chloride to the same sample of cells (compare open circles, first addition, and closed circles, second addition, in Fig. 4 ). Higher concentrations (greater than 3 x 10-5 M HgCl2) inhibit the reaction. This inhibition by high HgCl2 is more severe on the second addition of substrate (closed circles in Fig. 4 ) suggesting that it is not necessarily due to substrate inhibition of the reaction but possibly to the toxicity of Hg2+.
Agents inhibiting mercury volatilization. A wide variety of chemicals including other cation salts, organic mercurials, a sulfhydryl reagent and respiratory poisons were tested for their effect on the volatilization of 203HgCl2 by E. coli cells ( Table 1 ). The volatilizing activity is moderately inhibited by a number of metal cations, but only Ag+ and Au3+ show marked inhibition. Silver was added as AgNO3 in the experiment in Table 1 ; however, the presence of 0.09 M Cl-in the tryptone broth makes it difficult to conclude whether Ag+ or AgCl is the inhibitory species (the solubility product of [Ag+] [Cl-] is 10`1 M2). The inhibition by Ag+ and Au3+ is only very slowly reversible suggesting some fairly stable interaction between Ag+ or Au3+ and the active entity. Specific binding of the radioisotope llomAg+ is readily measurable and will be the subject of a subsequent communication.
The aryl mercurial compounds, phenyl mercuric acetate and p-hydroxymercuribenzoate, are only slightly inhibitory for mercury volatilization at 10-I M. The sulfhydryl compound, dithiothreitol, very likely inhibits by combining with the substrate mercuric ion to form the very stable Hg-S bond. The volatilization of mercury is sensitive to both an uncoupler of oxidative phosphorylation, m-chlorocarbonylcyanide Disruption of the cells. Attempts to isolate subcellular fractions capable of volatilizing 213HgCl2 have so far failed. Sonic treatment or disruption of cells in a French Pressure Cell causes complete loss of activity. We have been unable to reconstitute activity by adding potential "cofactors" or by fractionating the disrupted cells by centrifugation. Komura, Funaba, and Izaki (3) recently reported in vitro 203Hg-volatilizing activity dependent upon the addition of reduced nicotinamide adenine dinucleotide phosphate. We have been unable to repeat this observation with AB1932-1/JJ1, by using the conditions of Komura, Funaba, and Izaki (3).
Although disrupted cells lose activity, spheroplasts and osmotically shocked cells (11) retain full mercury-volatilizing activity (data not shown). Lysis of spheroplasts (osmotic or with 0.5% sodium dodecyl sulfate) causes an immediate loss of activity. Toluene (1%, v/v), which rapidly kills the cells and destroys their permeability barriers to small molecules, has no effect on the rate of 213Hg volatilization by induced resistant cells (data not shown). Toluenized cells can volatilize three successive additions of 10 AM 213HgCl2 with essentially no change of rate. Therefore intact live bacterial cells are not required for the mercury-volatilizing activity.
Chemical nature of the volatile mercury. The volatile form of mercury produced by resistant E. coli is soluble in common organic solvents. About two-thirds of the 203Hg can be extracted into chloroform-methanol after exposure to induced resistant cells (Table 2) . Similarly, after exposure to induced resistant cells, """Hg can be recovered in diethyl ether, cyclohexane, benzene, or toluene at concentrations as high as 10-5 M mercury (data not shown). The volatility and the solubility in organic solvents of the form of mercury produced by the resistant cells suggested that the mercury had been either converted to an alkyl mercury compound or reduced to metallic mercury. [I23Hg Jmethyl-mercury chloride is available commercially, so the behavior of this compound was examined in the standard assay system (Fig. 5) volatile mercury form, but does not rigorously rule out that possibility. Additional possibilities for the identity of the product included dimethyl mercury and metallic mercury, both of which are volatile and virtually insoluble in aqueous media. To identify directly the nature of the product, the form of mercury produced by the resistant bacteria was examined by gas chromatography-mass spectroscopy.
For these experiments, 40 ml of bacterial culture in a tube fitted with an injection-ported screw-cap were exposed to 10-5 M 23HgCl2 for 7 min at 37 C. Then 2.5 ml of toluene was added, and the tube was shaken vigorously and chilled to 4 C. The organic phase was examined by coupled gas chromatography and mass spectroscopy by using the LKB 9000A GC/MS instrument (1) . Figure 6 shows the results of such an analysis of toluene extract from a mercury-resistant culture along with several controls. Mercury-containing compounds can be readily identified by the characteristic ratios of the six naturally occurring mercury isotopes (masses 198-202 and 204; Fig. 6D ). Extracts of cultures of mercury-resistant bacteria (Fig. 6A) or mercury-sensitive bacteria (Fig. 6B) showed only a single peak containing mercury in the gas chromatograph at about 2-min retention time. No higher-molecular-weight fragments containing mercury clusters were observed with culture extracts at any retention time up to 8 min. Note that the signal scale expansion in Fig. 6B is fivefold higher than that used in Fig. 6A and therefore there is about tenfold more metallic mercury in the extract from the induced resistant cells. Furthermore, comparing relative peak heights in Fig. 6A with published natural abundance numbers (18) gives good agreement, whereas the peak heights in Fig. 6B show relatively high peaks at m/e 199 and 204, indicating that some of the signal in Fig. 6B is due to noise or other molecules. In all of the gas chromatograph-mass spectrometer experiments quantitation of yield is a serious problem, but prolonged chromatograph runs at higher temperatures never showed evidence of mercury-containing materials reversibly adsorbed to the column. The exact retention time for Hgo is somewhat variable from run to run (-10 sec, primarily due to small variations in temperature). However, the metallic mercury peak coming off the gas chromatograph is very sharp, and the mercury signal in this run was strongest in the 128-sec mass spectrum scan but barely detectable two scans earlier at 122 sec (Fig. 6C) . A toluene extract of metallic mercury (Fig. 6D) showed a single mercury-containing peak at about 2-min re- tention time which was indistinguishable from the material produced by the resistant E. coli. Dimethyl mercury (Fig. 6E ) has a much longer retention time (more than 3 min at 75 C) and shows characteristic mercury isotope clusters at 198 to 204 m/e (Hg+), 213 to 219 m/e (CH3-Hg+), and 228 to 234 m/e (CH3HgCH3+). Another gas chromatograph-mass spectrometer experiment with chloroform extracts of resistant and sensitive cells, as well as of metallic mercury, showed similar patterns and retention times (Fig. 7) . Chloroform extracts of cultures of mercury-resistant bacteria (Fig. 7A) or of mercury-sensitive bacteria (Fig. 7B ) again showed only a single mercury-containing peak in the gas chromatograph at about 2-min retention time. Again, though there are trace amounts of mercury in the extract from sensitive cells, there is about eightfold more mercury in the extract from the resistant cells. No higher-molecular-weight fragments containing mercury isotope clusters were observed with culture extracts. Dimethyl mercury has a retention time of about 3 min in this experiment (Fig. 7C) , whereas it is clearly metallic mercury which peaks at about 2 min, as shown by a chloroform extract of the liquid metal (Fig. 7D) . These data indicate that the resistant bacteria are reducing mercuric chloride to metallic mercury. There is no evidence for alkyl mercury compounds or additional mercury-containing materials in the mass spectra.
Radioactive mercury from the vapor phase known for several years (7). Komura and Izaki (4) have been studying an apparently similar system with another RTF-bearing strain of E. coli; and Summers (manuscript in preparation) has examined E. coli K-12 derivatives bearing four additional mercury-resistant RTF values, a mercury-resistant plasmid-bearing strain of S. aureus, and three mercury-resistant plasmidbearing strains of Pseudomonas. aeruginosa, each of which has an inducible system for converting HgCl2 to a volatile, chloroform-soluble form(s).
Two additional means of detoxifying mercury compounds have been evolved by microbes. One is the cobalamine-dependent methylation of Hg2+ by a methanogenic microorganism isolated from canal mud (19) . Methyl and dimethyl mercury are produced by this microorganism in a hydrogen atmosphere. Jensen and Jernel6v (2) have also shown the formation of methyl and dimethyl mercury from Hg2+ by sediment microorganisms. The other mechanism for detoxification of mercury-containing compounds by bacteria occurs in a mercuryresistant pseudomonad which was isolated from soil and can decompose phenylmercuric acetate to benzene and metallic mercury (16, 17) . Soil and sediment microorganisms have also been shown to convert phenylmercuric acetate to diphenyl mercury (8) . In all of the cases of the soil and sediment microbes, nothing is known about the genetics of the mercury-or mercurial detoxification systems; although it is known that mercury resistance in P. aeruginosa can be associated with the presence of the sex factor, FP (6) .
With two microbes (3, 5, 16) in vitro mercuryvolatilizing activity has been reported, but we have been unable to demonstrate in vitro activity even using the conditions reported for the other E. coli RTF system. The basis for this discrepancy is not known, and we are continuing experiments to determine the biochemical basis for mercury reduction by E. coli. 
